Recent studies have reported that many proteases, besides the canonical ␣-, ␤-, and ␥-secretases, cleave the amyloid precursor protein (APP) and modulate ␤-amyloid (A␤) peptide production. Moreover, specific APP isoforms contain Kunitz proteaseinhibitory domains, which regulate the proteolytic activity of serine proteases. This prompted us to investigate the role of matriptase, a member of the type II transmembrane serine protease family, in APP processing. Using quantitative RT-PCR, we detected matriptase mRNA in several regions of the human brain with an enrichment in neurons. RNA sequencing data of human dorsolateral prefrontal cortex revealed relatively high levels of matriptase RNA in young individuals, whereas lower levels were detected in older individuals. We further demonstrate that matriptase and APP directly interact with each other and that matriptase cleaves APP at a specific arginine residue (Arg-102) both in vitro and in cells. Site-directed (Arg-to-Ala) mutagenesis of this cleavage site abolished matriptase-mediated APP processing. Moreover, we observed that a soluble, shed matriptase form cleaves endogenous APP in SH-SY5Y cells and that this cleavage significantly reduces APP processing to A␤40. In summary, this study identifies matriptase as an APP-cleaving enzyme, an activity that could have important consequences for the abundance of A␤ and in Alzheimer's disease pathology.
Recent studies have reported that many proteases, besides the canonical ␣-, ␤-, and ␥-secretases, cleave the amyloid precursor protein (APP) and modulate ␤-amyloid (A␤) peptide production. Moreover, specific APP isoforms contain Kunitz proteaseinhibitory domains, which regulate the proteolytic activity of serine proteases. This prompted us to investigate the role of matriptase, a member of the type II transmembrane serine protease family, in APP processing. Using quantitative RT-PCR, we detected matriptase mRNA in several regions of the human brain with an enrichment in neurons. RNA sequencing data of human dorsolateral prefrontal cortex revealed relatively high levels of matriptase RNA in young individuals, whereas lower levels were detected in older individuals. We further demonstrate that matriptase and APP directly interact with each other and that matriptase cleaves APP at a specific arginine residue (Arg-102) both in vitro and in cells. Site-directed (Arg-to-Ala) mutagenesis of this cleavage site abolished matriptase-mediated APP processing. Moreover, we observed that a soluble, shed matriptase form cleaves endogenous APP in SH-SY5Y cells and that this cleavage significantly reduces APP processing to A␤40. In summary, this study identifies matriptase as an APP-cleaving enzyme, an activity that could have important consequences for the abundance of A␤ and in Alzheimer's disease pathology.
Alzheimer's disease (AD) 3 is characterized by a progressive degeneration of neurons, which results in cognitive distur-bances. One of the main hallmarks found in the brains of AD patients is the presence of amyloid plaques, mainly composed of the ␤-amyloid (A␤) peptide generated through processing of the amyloid precursor protein (APP) (1) . There are different isoforms of APP; the major ones in the brain are APP770, APP751, and APP695 (2) . These isoforms differ by the presence of a 19-amino-acid OX-2 domain, which has similarities with the OX-2 antigen of lymphoid cells, and of a 56-amino-acid Kunitz protease-inhibitory (KPI) domain, which is known for its ability to inhibit serine proteases (2) (3) (4) . The longest isoform, APP770, contains both KPI and OX-2 domains, whereas APP751 only contains the KPI domain. In contrast, the shortest and neuron-specific isoform, APP695, lacks both KPI and OX-2 domains. In AD, there is an increase of APP770 and APP751 mRNAs but no increase of APP695 mRNA (5) . It has been suggested that this increased expression of APP mRNA containing the KPI domain could play an important role in protecting the protein from proteolysis (6) .
The three APP isoforms undergo proteolytic cleavage by several compartmentalized secretases (1) . In the amyloidogenic pathway, APP is initially processed by ␤-secretase to produce a soluble secreted form of APP (sAPP␤) and a C-terminal fragment (␤-CTF). The subsequent cleavage of ␤-CTF by ␥-secretase yields the A␤ peptide and the amyloid precursor protein intracellular domain. In the non-amyloidogenic pathway, APP is first cleaved by ␣-secretase within the A␤ sequence to generate the soluble secreted sAPP␣ fragment and the membranetethered ␣-CTF. This is followed by ␥-secretase cleavage of ␣-CTF, resulting in release of the P3 peptide and amyloid precursor protein intracellular domain. Many other enzymes are capable of proteolytically processing APP; for example, ␤2-secretase (also called -secretase) cleaves APP within the A␤ peptide, thus preventing A␤ peptide production (7) . Also, serine proteases such as high-temperature requirement A (htrA) 1 and 2, contribute to APP and A␤ degradation (8, 9) . Therefore, APP-processing proteases are the subject of an increasing number of studies related to AD.
Within the extracellular space in vertebrates, several proteases act as essential modulators of development and tissue remodeling (10) . One of these, matriptase, is a member of the type II transmembrane serine protease (TTSP) family that is encoded by the suppression of tumorigenicity-14 (ST14) gene (11) . Matriptase is mostly expressed in epithelial cells (12) and involved in development and maintenance of epithelial barrier integrity such as in the skin and gut (11) . This protease is a cell-surface glycoprotein that undergoes catalytic autoactivation and is released from the cell surface as a soluble, shed form to the pericellular environment (13) . Indeed, matriptase had initially been identified in the culture medium of breast cancer cells and detected in human milk (12, 14, 15) . This shed form of matriptase can thus interact with proteins located at the cell surface or in the extracellular matrix. Numerous matriptase substrates have been identified, including hepatocyte growth factor (16) , prostasin (17) , urokinase-type plasminogen activator (18) , protease-activated receptor 2 (18) , and epithelial cell adhesion molecule (19) . The serine protease catalytic activity of matriptase is physiologically controlled by interaction with hepatocyte growth factor activator inhibitor types 1 and 2 (HAI-1 and HAI-2) through their KPI domain (20) . This regulation is essential for proper function of matriptase in adult and embryonic tissues (12, 21) .
Although matriptase was originally described as solely expressed in epithelial cells, it was shown that loss of inhibition of matriptase disrupts neural tube closure in mice (21) , suggesting that it plays a role in neurogenesis. A recent report also demonstrated that matriptase is expressed in mouse neural progenitor cells and promotes cell migration and neuron differentiation (22) , whereas another study revealed the presence of matriptase in human glioblastoma multiform cells where it regulates the neuronal channel ASIC1 (23) . Moreover, a member of the TTSP family, matriptase-2, which is almost exclusively expressed in hepatocytes, was shown to alter APP cleavage either indirectly through the activation of the metalloprotease meprin-␤, which cleaves APP695 (24), or directly through an interaction with the KPI domain of APP770, which reportedly inhibits matriptase-2 enzymatic activity and protects APP from being processed by this enzyme (25) .
Together, these reports led us to investigate whether matriptase is also an APP-cleaving enzyme. Here we show that matriptase is expressed in human brain and neuronal tissues and that the enzyme directly interacts with and cleaves the three APP isoforms at a specific residue in their ectodomains. Furthermore, exogenous addition of matriptase alters A␤ production in neuronal SH-SY5Y cells. These events can have important consequences to the overall processing profile of APP in normal conditions as well as in AD.
Results

Matriptase is expressed in the human brain
To investigate matriptase expression in the human brain, RT-quantitative PCR (qPCR) analysis was performed on postmortem human brain tissues (mean age at death was 73.8 Ϯ 12.2 years) ( Fig. 1A ). mRNA levels of matriptase (ST14 gene) were measured in human frontal cortex, hippocampus, temporal cortex, and cerebellum tissues. Given that matriptase expression in epithelial cells of intestinal and especially of colon tissue is high (26) , the level of matriptase mRNA in the brain region was expressed relative to its expression in colon. Matriptase transcripts were clearly detectable in the frontal cortex, hippocampus, temporal cortex, and cerebellum with no significant difference between the regions tested but at much lower levels than in colon tissue ( Fig. 1A) . A, levels of ST14 mRNA were analyzed in the human frontal (Fron.) cortex (n ϭ 18), temporal (Temp.) cortex (n ϭ 8), hippocampus (n ϭ 5), and cerebellum (n ϭ 7) and expressed relative to that in the human colon tissue (n ϭ 3). The difference between the different brain regions was not significant (Student's t test, p Ͼ 0.05). Error bars represent means Ϯ S.D. B, the levels of ST14 mRNA were analyzed in human neurons, astrocytes, microvascular endothelial cells (Micro. Endo.), choroid plexus epithelial (Chor. Plex. Epi.) cells, Schwann cells, and epithelial colorectal adenocarcinoma Caco-2/15 cells and expressed relative to human colon carcinoma HCT116 cells (triplicate analyses were performed on each sample). C, expression of matriptase (immunoblot) at different stages of neuronal differentiation (0, 1, 3, and 6 weeks) of hiPSCs. ␤3-Tubulin was used as neuronal marker, and histone H3 was used as a loading control. D, expression levels of ST14 and GAPDH mRNAs across development in the DLPC as measured by fragments per kilobase of exon per million fragments mapped (FPKM). Each dot represents data from an individual brain. Negative correlation between ages after birth and ST14 was significant (Spearman's correlation coefficient r ϭ Ϫ0.73, p Ͻ 0.001) (n ϭ 39).
To ascertain in which cells of the human nervous system matriptase is expressed, RT-qPCR was next performed on total human mRNA from different cell types ( Fig. 1B) . Levels of ST14 transcripts in these cells were expressed relative to those of human colon carcinoma cells HCT116 (27) . Matriptase mRNA was detected in neurons, astrocytes, microvascular endothelial cells, and choroid plexus epithelial cells, whereas no matriptase mRNA was detected in Schwann cells. Interestingly, the mRNA level in neurons was similar to that for human epithelial colorectal adenocarcinoma Caco-2/15 cells. Together, these results reveal matriptase expression in different cell types of the human brain and are in agreement with previous data obtained from mouse brain (22) .
Because matriptase was shown to be expressed in mouse differentiating neural progenitor cells (22) , we used human induced pluripotent stem cells (hiPSCs) at different stages of neuronal differentiation (0, 1, 3, and 6 weeks) to analyze matriptase protein expression ( Fig. 1C ). From the pluripotent state (hiPSCs) to up to 3 weeks, matriptase is not detected, but a 70-kDa immunoreactive band was detected after 6 weeks of neuronal differentiation. Neuronal differentiation was confirmed by validating the expression of the neuronal markers GABA, vesicular glutamate transporter, NeuN, and ␤3-tubulin by immunofluorescence (supplemental Fig. S1 ). The expression of matriptase in differentiated hiPSCs is in line with its detection in mouse neural progenitor cells (22) .
On the basis of matriptase expression in mouse brain during development (21, 22) , we investigated its ontogeny in the developing human brain. Publicly available RNA sequencing (RNAseq) data sets of human dorsolateral prefrontal cortex (DLPC) from fetuses, newborns, children, adults, and elderly subjects were retrieved for analysis (28) (Fig. 1D) . Very low levels of matriptase RNA were detected in utero, but much higher levels were found soon after birth. Furthermore, although relatively high levels of matriptase mRNA were found in young brains (age, Ͻ20 years), levels were significantly lower in brains of older individuals with a constant decrease over lifetime. Interestingly, these data show a statistically significant negative correlation between age groups (starting after birth) and matriptase RNA levels (p Ͻ 0.001), whereas no correlation was observed for the housekeeping gene GAPDH. Taken together, these results confirm matriptase expression in the human brain and highlight the temporal and spatial modulation of its expression through a lifetime.
Matriptase directly interacts with APP
To investigate whether matriptase can interact with the three major APP isoforms, immunoprecipitations were performed on HEK293 cells transfected with wild-type (WT) matriptase together with GFP-tagged APP770, APP751, or APP695 or GFP ( Fig. 2A ). Matriptase coimmunoprecipitated with GFP-APP770, -APP751, and -APP695 but not with GFP alone (Fig. 2B ), suggesting that matriptase interacts with all three APP isoforms. Because matriptase associated with GFP-APP695, we conclude that the KPI domain found in isoforms APP770 and APP751 is not required for interaction with the enzyme. GST pulldown assays were next used to verify the in vitro interaction between matriptase and the extracellular region of APP695 (GST-APP695 N-term) and/or the cytoplasmic region of APP695 (GST-APP695 C-term) ( Fig. 3A ). 35 S-Labeled in vitro translated matriptase coprecipitated with GST-APP695 N-term but very weakly with GST-APP695 C-term or GST alone ( Fig. 3B ). Densitometric analysis statistically supports the difference between GST and GST-APP695 Nterm and between GST-APP695 C-term and GST-APP695 N-term (p Ͻ 0.05) ( Fig. 3C ). These results indicate that matriptase interacts directly and predominantly with the N-terminal ectodomain of APP695.
Matriptase cleaves APP
When performing immunoprecipitation with GFP-tagged APP and matriptase, we detected a GFP-APP fragment of 35 kDa in cell lysates ( Fig. 2B ), suggesting cleavage of APP by matriptase. This 35-kDa fragment would correspond to the GFP tag (25 kDa) and a portion of the APP extracellular N terminus (10 kDa). To confirm the role of matriptase in the cleavage of APP and the formation of this APP fragment, HEK293 cells were transfected with GFP-tagged APP770, APP751, and APP695 together with WT matriptase or catalytically inactive matriptase mutant S805A in which the catalytic serine of the active site is replaced with alanine (29) ( Fig. 4) . Given that the cleavage is expected to occur on the extracellular domain of APP, we also attempted to detect the presence of APP fragments in the culture medium. The GFP-tagged APP fragment of 35 kDa was detected in both cell lysates and conditioned medium of cells transfected with WT matriptase, but not with cells transfected with matriptase S805A, for all three APP isoforms ( Fig. 4A ). In concordance, the levels of GFPtagged full-length APP (band at 130 -150 kDa in cell lysates) or soluble APP (band at 130 -150 kDa in medium) were reduced in cells expressing WT matriptase compared with control cells or cells expressing the catalytically inactive matriptase, suggesting conversion of the precursor form into smaller fragments ( Fig.  4A ). Moreover, no cleavage of GFP-APP695 was observed when HEK293 cells were transfected with matriptase and HAI-1, the physiological inhibitor of matriptase (supplemental Fig. S2 ) or with matriptase-2 (TMPRSS6), a close member of the matriptase subfamily (supplemental Fig. S3 ). Moreover, only the extracellular region of APP is involved in the matriptase processing event because a chimeric construct in which the transmembrane and cytoplasmic domains of APP695 (residues 624 -695) were replaced with an equivalent domain of the unrelated type I membrane-bound protein LRP10 (residues 441-713) was also cleaved (supplemental Fig. S4B ). These results support the exclusive role of the extracellular domain of APP in its processing by matriptase.
Given that active matriptase exists as a membrane-bound as well as a soluble shed entity (30), we next investigated whether an active soluble matriptase form could be involved in APP cleavage. Purified soluble matriptase or inactive S805A forms were exogenously added to the culture medium of HEK293 cells overexpressing GFP-tagged APP770, APP751, or APP695. A GFP-tagged APP fragment of 35 kDa was detected in the conditioned medium of all cells incubated with recombinant WT matriptase but not with matriptase S805A (Fig. 4B ).
APP processing by matriptase
Concentration-dependent curves indicated that the cleavage of GFP-APP695 occurs at a concentration as low as 1 nM soluble matriptase (supplemental Fig. S5 ). These results suggest that soluble active matriptase can cleave APP isoforms in the pericellular space.
The physiological relevance of APP processing by matriptase was next analyzed with the human neuroblastoma SH-SY5Y cell line, which expresses endogenous APP695, APP751, and APP770 (31) but not matriptase (data not shown). SH-SY5Y cells were incubated with exogenous soluble WT matriptase or matriptase S805A as described above (Fig. 4C ). Interestingly, a 10-kDa APP fragment was detected in the conditioned medium by Western blotting using an antibody against the N terminus of APP when cells were incubated with WT matriptase but not with the inactive recombinant matriptase S805A. This 10-kDa fragment would correspond to the portion of the APP extracellular N terminus fused to GFP (25 kDa) to form the 35 kDa fragment detected in the previous assays. This result confirms that soluble matriptase can cleave endogenous APP on SH-SY5Y cells.
To determine whether APP cleavage is due to a direct action of matriptase on APP and not from an indirect action of matrip-tase on another APP-cleaving enzyme, in vitro cleavage assays were performed with 35 S-labeled in vitro translated APP770, APP751, and APP695, and purified soluble WT matriptase or matriptase S805A ( Fig. 4D ). After incubation with increasing concentrations of purified soluble WT matriptase for 1 h at 37°C, a reduction in the amount of full-length APP isoforms and an increased amount of APP fragments of around 50, 27, 20, and 10 kDa were detected by autoradiography. The higher molecular mass forms may correspond to intermediate processed fragments, but the 10 kDa fragment would correspond to the N-terminal APP fragment described in Fig. 4C . In contrast, no APP fragments were detected in the presence of inactive matriptase S805A ( Fig. 4D ). Together, these results suggest that matriptase directly cleaves the different APP isoforms and is not inhibited by the KPI domain of APP.
Identification of the precise matriptase cleavage site on APP
To identify the precise matriptase cleavage site on the APP extracellular domain, mass spectrometry (MS) analysis was performed on the APP fragments generated following the in vitro incubation of purified GST-APP695 N-term with or without soluble recombinant WT matriptase. Isolated GST-APP695 fragments were digested with chymotrypsin to produce several overlapping peptides, analyzed by HPLC coupled to an Orbitrap MS, and compared with purified GST-APP695 N-term alone (Fig. 5A) . A main cleavage site for matriptase was identified at Arg-102 located on the first heparin domain of APP695 (Fig. 5B ). This cleavage site is conserved in the different APP isoforms and would yield an N-terminal fragment with a predicted molecular mass of 12 kDa, consistent with the low-molecular-mass (10-kDa) APP fragment detected by immunoblotting and autoradiography A, schematic representation of the GST-tagged APP695 deletion mutants used to determine the matriptase-binding domain. B, APP695 mutants and GST protein (10 g) were immobilized on glutathione beads and incubated with in vitro translated 35 S-labeled matriptase. Bound proteins were separated by SDS-PAGE and detected by autoradiography. GST proteins were detected with Coomassie Blue staining. Input, 2.5% of the total in vitro translated product (n ϭ 6). C, a Kruskal-Wallis test on the densitometric analysis of B was applied. There is a statistical difference between GST alone and GST-APP695 N-term and between GST-APP695 C-term and GST-APP695 N-term (*, p Ͻ 0.05). Error bars represent means Ϯ S.D.
APP processing by matriptase
when APP695, APP751, and APP770 were incubated with matriptase (see Fig. 4 ). To confirm this cleavage site, Arg-102 was mutated to Ala (R102A) in GFP-tagged APP695. HEK293 cells expressing either GFP-tagged APP695 WT or R102A were incubated for 16 h with purified soluble WT matriptase (Fig. 5C ).
Expression of the R102A mutant abolished the formation of the 35-kDa GFP-APP695 fragment, indicating that this mutant is resistant to cleavage by matriptase. Together, these results indicate that Arg-102 is the main matriptase cleavage site in the ectodomain of APP. Lysates and conditioned media of these cells were immunoblotted (IB) with anti-matriptase or anti-GFP antibody to detect matriptase, APP isoforms, and APP fragments (n ϭ 3 for each isoform). Note the GFP-tagged APP fragment (cleaved) of 35 kDa in cell lysate and medium (arrow). B, HEK293 cells transfected with GFP-tagged APP770 (left panel), APP751 (middle panel), or APP695 (right panel) were incubated without (Buffer) or with 5 nM recombinant WT matriptase (sMat-WT) or catalytically inactive matriptase mutant (sMat-S805A). Conditioned media were immunoblotted as described in A. C, SH-SY5Y cells expressing endogenous APP were incubated without (Buffer) or with 5 nM of recombinant WT matriptase (sMat-WT) or catalytically inactive matriptase mutant (sMat-S805A). Conditioned media were immunoblotted with anti-APP N-terminal antibody (22C11) to detect APP and APP fragments in the medium (n ϭ 3). Note the APP fragment (cleaved) of 10 kDa. D, in vitro translated 35 S-labeled APP770 (left panel), APP751 (middle panel), and APP695 (right panel) were incubated with different concentrations (0, 1, 10, and 100 nM) of recombinant WT matriptase (sMat) or 100 nM catalytically inactive matriptase mutant (sS805A) for 1 h at 37°C. Reaction products were separated by SDS-PAGE and detected by autoradiography (n ϭ 3). Note the APP fragment (cleaved) of 10 kDa (arrow) and other higher molecular mass fragments (asterisks) in the presence of recombinant WT matriptase.
APP processing by matriptase Matriptase processing of APP alters A␤40 production
Given that the cleavage of APP by proteases has been previously shown to result in an alteration of A␤ peptide formation (32, 33) , we next determined whether matriptase cleavage has an effect on the endogenous APP processing pathway leading to A␤ formation (Fig. 6 ). SH-SY5Y cells were incubated with or without exogenous, purified soluble WT matriptase or matriptase S805A for 36 h, and ELISAs were performed on the culture medium to specifically quantify the accumulation of A␤40 peptide. A 72% decrease (p Յ 0.001) in A␤40 levels was observed in cells incubated with WT matriptase compared with control cells (without matriptase) or cells incubated with matriptase S805A (Fig. 6A) . These results suggest that matriptase cleavage reduces APP processing into A␤40 in SH-SY5Y cells.
To determine whether the alteration of A␤40 production involved the Arg-102 matriptase cleavage site in APP, A␤40 levels were measured in the culture medium of HEK293 cells transfected with GFP-tagged APP695 WT or APP695 R102A mutant with or without matriptase (Fig. 6B ). As observed in SH-SY5Y incubated with exogenous purified soluble WT APP processing by matriptase matriptase (Fig. 6A ), a 90% decrease of A␤40 levels (p Յ 0.01) was quantified in HEK293 cells expressing APP695 with matriptase ( Fig. 6B ). In contrast, the level of A␤40 was not altered in cells expressing APP695 R102A with or without matriptase compared with cells expressing APP695 WT without matriptase (Fig. 6B) . These results suggest that the cleavage of APP at Arg-102 by matriptase affects the processing of APP by secretases in turn to reduce A␤40 production.
Discussion
Recent advances have reinforced the hypothesis that accumulation of A␤ is the main initiator of AD. Therefore, identifying factors that influence/regulate APP processing into A␤ is crucial in understanding AD pathogenesis and designing novel therapeutic strategies. In this study, we have identified matriptase as a novel protease expressed in human brain tissue that cleaves APP in its ectodomain, which causes a significant reduction in the production of A␤40. Importantly, this suggests a potential neuroprotective role of matriptase in the APP processing events leading to A␤ production.
Matriptase, one of the best characterized TTSPs, is known to be mostly expressed in epithelial cells where it carries out essential functions in development, differentiation, and maintenance of epithelial barrier integrity (27) . Interestingly, matriptase has been recently reported to be expressed in non-epithelial cells, more specifically in mouse neural stem/progenitor cells and neurons as well as in mouse cortex, hippocampus, striatum, and subventricular zone. Its expression has also been associated with mouse neuronal development, migration, and differentiation (21, 22) . In this study, we demonstrate for the first time that matriptase mRNA is present in the frontal and temporal cortex, hippocampus, and cerebellum of the human brain. The expression levels of matriptase mRNA observed between the different human brain regions tested were similar to those detected in mouse brain regions (22) . By analysis of whole transcriptome data sets deposited in the European Nucleotide Archive, we found very low levels of matriptase mRNA in human fetal brains, but a sharp increase in levels was observed in the DLPC of young individuals followed by a constant decrease during aging. The DLPC is an area of the brain involved in executive functions that undergoes the greatest amount of postnatal development that lasts until adulthood (34 -36) . Thus, the matriptase expression pattern in this brain area potentially follows a specific temporal pattern during brain development and neurogenesis and may explain why low matriptase mRNA levels were detected in older individuals.
Interestingly, of all brain cells tested, neurons showed the highest level of matriptase mRNA, similar to that found in human epithelial colorectal adenocarcinoma Caco-2/15 cells, a low invasive colon cancer cell line, but that level was 100 times lesser than levels found in HCT116 cells, a highly invasive colon cancer cell line. These data indicate that human neurons express matriptase mRNA and support the idea that matriptase has important physiological functions in these cells.
Our attempts to detect matriptase protein expression in human brain tissues or neurons from adult/elderly individuals were unsuccessful, which may be due to antibody sensitivity but may also be due to temporal regulation of matriptase expression with transcripts at their highest expression levels soon after birth and significantly lower in brains of older individuals (Fig. 1D ). However, we detected matriptase protein expression in hiPSCs after 6 weeks of neuronal differentiation but not in undifferentiated cells. The detection of matriptase in human neuronal cells derived from iPSCs is novel and is in accordance with previous results obtained by others with mouse neuronal progenitor cells (22) and by our group with mouse astrocytes (supplemental Fig. S6 ). Overall, although matriptase levels may be low and particularly difficult to detect in adult brain tissues, they could be sufficient for physiological relevance. The presence of matriptase in human brain cells could also have a pathophysiological effect such as in cancer progression. In many tumors, matriptase RNA/protein levels are up-regulated, and there is a positive correlation between matriptase expression and tumor grade (37) (38) (39) (40) . Additionally, the expression of HAI-1, an endogenous inhibitor of matriptase, whose expression in the human brain is well-documented (41, 42) , is often deregulated in human cancer (39) . Indeed, overexpression of HAI-1 has been reported to suppress the in vitro invasive capability of human glioblastoma cells (41) . Therefore, identification of the different proteolytic substrates of matriptase in brain cells will help delineate its basic function in the central nervous system and its implication in various neurological diseases.
We found that matriptase interacts with and cleaves all three major APP isoforms, indicating that the KPI domain found in APP751 and APP770 is not crucial for this interaction and does not inhibit matriptase. These results differ from those reported for matriptase-2 (also named TMPRSS6), a close member of the matriptase subfamily. The intact KPI domain of APP770 and APP751 was shown to be important for the interaction with matriptase-2 and to inhibit its enzymatic activity (25) . Taken together, these results may be explained by the differences in the catalytic domain of matriptase and matriptase-2 (45% homology) and in their protein-protein interaction domains, which are key for their respective activity and substrate speci- ficities (43) . Moreover, the amino acid sequence of the APP KPI domain also differs from that of the KPI domain of HAI-1. The canonical active site of HAI-1 that interacts with the second negatively charged binding site in the catalytic domain of matriptase was identified as Arg-258 and Arg-260 (44) . Comparison of the Kunitz sequences of APP770/751 and HAI-1 indicates that Arg-258 of HAI-1 is replaced by a proline in the APP Kunitz domain, which could significantly hinder its interaction with the active site of matriptase.
Matriptase hydrolyzes peptide bonds C-terminal to specific basic amino acids with a clear preference for Arg over Lys in the P1 position and basic amino acids in the P3 position (18, 43) . Accordingly, mass spectrometry analysis identified Arg-102 within the sequence KRGR2KQCK in the first heparin domain of the extracellular region of APP as the main matriptase cleaving site. The three-dimensional structure of residues 18 -123 of this heparin domain (Protein Data Bank code 1MWP) reveals that Arg-102 is well-exposed at the surface of the protein and thus accessible for cleavage by a protease. To our knowledge, this specific Arg has never been identified as a cleavage site for other proteases. Interestingly, the residues that form the structural network in the heparin domain are conserved between the E1 domain of APP and amyloid precursor-like protein 2 (APLP2) but not APLP1 (45) , suggesting that APLP2 may also be a potential matriptase substrate.
Enzymatically active matriptase exists as a membrane-bound as well as an extracellular soluble, shed form (46, 47) . Consequently, both forms can interact with APP and cleave its ectodomain. Using purified soluble matriptase applied on SH-SY5Y cells (which do not express matriptase), we showed that endogenous APP is cleaved, suggesting that shed matriptase originating from expression in either homologous or adjacent cells can process APP and therefore impact the physiological function of APP. Recent evidence suggests that the ectodomain of APP and its proteolytic fragments are important for its biological roles such as cell growth, cell adhesion and motility, neurite outgrowth, and cell survival (48, 49) . For example, the first heparin domain in the APP N terminus, which contains the Arg-102 matriptase cleavage site, interacts with the extracellular matrix through heparan sulfate proteoglycans and is involved in the regulation of neurite outgrowth (50) . Moreover, both APP and matriptase activities were reported to be involved in the migration and differentiation of mouse neuronal precursors (22, 51) . Whether matriptase cleavage alters these different APP functions will need to be elucidated.
N-terminal processing of APP may influence the cleavage efficiency toward A␤ production. In the last few years, many proteases (other than ␣and ␤-secretases) have been reported to cleave the APP ectodomain and alter A␤ production. These include the membrane type 5 matrix metalloproteinase, referred to as -secretase, which cleaves APP at residue 504 (APP695 numbering) and releases a long truncated ectodomain (sAPP) as well as a membrane-bound CTF that is further cleaved by ␣and ␤-secretases, releasing A peptides that alter neuronal activity and plasticity (52) . The asparagine endopeptidase has also been reported to act as a novel ␦-secretase by cleaving APP at Asn-373 and Asn-585 residues, selectively influencing the rate of ␤-secretase cleavage and promoting A␤ production (33) . In a similar way, we showed that matriptase cleaves APP at Arg-102, causing a significant decrease (Ͼ70%) of A␤40 levels, which was completely abolished when Arg-102 was replaced by Ala (APP R102A), indicating that the matriptase-specific cleavage affects APP processing by secretases in turn to reduce A␤40 production. Interestingly, the matriptase cleavage site is located in a highly flexible loop region (residues 98 -105) shown to be important for APP dimerization and processing into A␤ (53, 54) . Indeed, biochemical data revealed that addition of a synthetic peptide corresponding to this loop region interferes with APP dimerization and decreases the generation of sAPP␤ and A␤ when added to neuroblastoma SH-SY5Y cells (54), indicating a direct or indirect influence of dimerization on APP processing by ␤-secretases. On this basis, we propose that matriptase proteolytically cleaves the APP ectodomain, potentially impairing APP dimerization and interaction with secretases, which would reduce the rate of A␤ production.
Despite large-scale efforts to therapeutically target the putative disease mechanisms in AD, neuroprotective treatments are still lacking. Presently, ␤and ␥-secretases are prime therapeutic targets under development, but many concerns have been recently raised as to how effective these particular enzymes are as therapeutic targets (55, 56) . Therefore, there is growing consensus that gaining a better understanding of the regulation of APP processing is crucial for identifying new potential therapies to reduce A␤ accumulation and combat AD. Our findings describe a new cleavage of APP by matriptase that reduces the production of A␤ peptide probably by altering the processing by secretases. These observations suggest that matriptase may have a neuroprotective role in controlling the levels of A␤ peptide. Conversely, low levels of matriptase observed in aging brain as well as impaired matriptase activity or HAI-1 levels could accelerate the formation of amyloid plaque and the progression of the disease. Our findings highlight a previously unappreciated role of matriptase in human brain, and future studies will aim to clarify its role in physiological and pathophysiological functions of APP.
In conclusion, this study identifies matriptase as a novel APP-cleaving protease and furthers our understanding of APP biology. Future experiments will be needed to validate the biological relevance of matriptase-mediated APP processing in vivo and its potential role in the onset of AD pathology.
Experimental procedures
Antibodies and reagents
Anti-GFP rabbit polyclonal antibodies were purchased from Clontech Molecular Probes (Eugene, OR), anti-human matriptase polyclonal antibodies were from Bethyl Laboratories (Montgomery, TX), and anti-APP N-terminal 22C11 mAbs were from EMD Millipore (Billerica, MA).
DNA constructs
Mammalian expression vectors GFP-APP695 and GST-APP695 C-term (residues 647-695) were kindly provided by Dr. Ritva Tikkanen (University Clinic of Frankfurt, Germany). The APP695 fragment containing the N terminus (residues APP processing by matriptase nant matriptase (residues 596 -855) construct used for bacterial expression (pQE30 vector, Qiagen, Mississauga, Ontario, Canada) and S805A matriptase pcDNA3.1 have been described previously (29, 57) . Human APP770 was kindly provided by Dr. Christian Haass (Ludwig Maximilians University, Munich, Germany), and APP751 was purchased from SinoBiological Inc. (Beijing Economic and Technological Development Area, Beijing, China); both were subcloned in pcDNA3.1 and pCMV5-GFP. All constructs were sequenced before use.
Cell culture
HEK293 and Caco-2/15 cells were kindly provided by Dr. Alexandra Newton (University of California, San Diego, La Jolla, CA) and Dr. Jean-Francois Beaulieu (Université de Sherbrooke), respectively. HEK293 cells were grown in Dulbecco's modified Eagle's high-glucose medium (Invitrogen) containing 10% fetal bovine serum (FBS) (Hyclone Laboratories, Logan, UT), 2 mM L-glutamine, 50 IU/ml penicillin, and 50 g/ml streptomycin (Wisent, St-Bruno, Quebec, Canada). HEK293 cells were transfected with Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. HCT 116 cells (ATCC CCL-247) from American Type Culture Collection (Manassas, VA) were grown in McCoy's 5A medium (Invitrogen) containing 10% FBS, 2 mM L-glutamine, 50 IU/ml penicillin, and 50 g/ml streptomycin. Caco-2/15 cells were grown in Eagle's minimum essential medium (Invitrogen) with 20% fetal bovine serum, 2 mM L-glutamine, 50 IU/ml penicillin, and 50 g/ml streptomycin. SH-SY5Y cells (ATCC CRL-2266) were purchased from ATCC and grown in minimum Eagle's medium:Ham's F-12 (1:1) (Invitrogen) containing 10% FBS, 2 mM sodium pyruvate (Invitrogen), 2 mM L-glutamine, 50 IU/ml penicillin, and 50 g/ml streptomycin.
Coimmunoprecipitation
HEK293 cells were plated in 60-mm culture dishes and transfected with the indicated constructs. After 48 h, the cells were washed twice with phosphate-buffered saline; lysed in 50 mM Tris buffer (pH 7.4) containing 150 mM NaCl, 1% Triton X-100, and protease inhibitors for 1 h at 4°C; and then centrifuged at 15,000 ϫ g for 20 min. The cleared supernatants were incubated with GFP-Trap_A (Chromotek, Germany) overnight at 4°C and washed with 10 mM Tris/HCl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA buffer three times. Bound immune complexes were boiled in Laemmli sample buffer and analyzed by SDS-PAGE and immunoblotting.
Immunoblotting
The protein samples were separated by 10 or 16% SDSpolyacrylamide gel electrophoresis (PAGE) and transferred to 0.45-m-diameter pore-size nitrocellulose membranes (PerkinElmer Life Sciences). The membranes were blocked in Tris-buffered saline (20 mM Tris-HCl (pH 7.4) and 150 mM NaCl) containing 0.1% Tween 20 and 5% nonfat dry milk, incubated with primary antibodies for 1 h at room temperature, subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG for 1 h at room tem-perature (Bio-Rad), and enhanced using a chemiluminescence detection reagent (Pierce).
Glutathione S-transferase pulldown assays
GST fusion proteins were expressed in Escherichia coli BL21 and purified on glutathione-Sepharose 4B beads (GE Healthcare) according to the manufacturer's instructions. The 35 Slabeled in vitro translation products of pcDNA3.1-human APP770, APP751, APP695, and matriptase were prepared using the TNT T7 rabbit reticulocyte Quick Coupled Transcription/ Translation system (Promega, San Luis Obispo, CA) in the presence of EasyTag EXPRESS 35 S labeling mixture (73% Met and 22% Cys; 41,000 Ci/mmol; PerkinElmer Life Sciences). A total of 5-10 mg of purified GST or GST fusion protein was incubated with the in vitro translated products in 20 mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl, 1% Triton X-100, and protease inhibitors for 2h at 4°C. Beads were washed four times with the same buffer. Bound proteins were eluted with Laemmli buffer, resolved by SDS-PAGE, and visualized by autoradiography.
In vitro cleavage assays
WT matriptase (residues 596 -855) and S805A mutant were produced and purified as described previously (57) . The 35 Slabeled in vitro translation products of pcDNA3.1-human APP770, APP751, and APP695 were prepared as described under "Glutathione S-transferase pulldown assays." Enzymatic assays were performed in a final volume of 100 l in 100 mM Tris-HCl (pH 8.5) containing 500 g/ml BSA. In vitro translated 35 S-labeled APP isoforms (0.5 l) were incubated with 0, 1, 10, and 100 nM recombinant WT matriptase or 100 nM of inactive matriptase S805A for 1 h at 37°C. Enzymatic reactions were stopped by the addition of 30 l of Laemmli buffer, resolved by SDS-PAGE, and visualized by autoradiography.
Treatment of cells with recombinant matriptase
Culture medium of HEK293 or SH-SY5Y cells was removed and replaced with 2 ml of serum-free HCELL-100 medium (Wisent, St-Bruno, Quebec, Canada) containing different concentrations (0 -100 nM) of recombinant soluble human WT matriptase or mutant S805A. After a 36-h incubation, the conditioned medium was collected and either concentrated with Amicon Ultra centrifugal filters (3,000 nominal molecular weight limit (Merck Millipore Ltd.) for immunoblotting or directly used for ELISA analysis. Cells were lysed in 50 mM Tris buffer (pH 7.4) containing 150 mM NaCl, 1% Triton X-100, and protease inhibitors for 1 h at 4°C. Both conditioned medium and cell lysate were boiled in Laemmli sample buffer and analyzed by SDS-PAGE and immunoblotting.
ELISA quantification of A␤40
For ELISAs, SH-SY5Y cell were seeded at a density of 2 ϫ 10 6 cells in 60-mm culture dishes and allowed to grow to Ͼ75% confluence. HEK293 cells were seeded at a density of 1.5 ϫ 10 6 cells in 60-mm culture dishes and transfected as described under "Coimmunoprecipitation." When the cells reached the desired density, the medium was removed and replaced with conditioned medium containing matriptase WT or S805A as described under "Treatment of cells with recombinant matriptase." After a 48-h incubation, the supernatants were harvested, and A␤40 levels were quantified using an Amyloid ␤40 Human ELISA kit (KHB3481, Invitrogen) according to the manufacturer's instructions. An Infinite M200 Plate reader (Tecan) was used to detect the signal. The A␤40 concentrations were determined by comparison with the standard curve and normalized to total protein concentration in the medium. 
Human brain tissues and human cell total RNA
Tissue RNA isolation and quantitative real-time RT-PCR
Total RNA extractions were performed on cell pellets using TRIzol (Invitrogen) with chloroform following the manufacturer's protocol. The aqueous layer was recovered, mixed with 1 volume of 70% ethanol, and applied directly to an RNeasy Mini kit column (Qiagen). DNase treatment on the column and total RNA recovery were performed according to the manufacturer's protocol. RNA quality and the presence of contaminating genomic DNA were verified as described previously (58) . RNA integrity was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies). Reverse transcription was performed on 1.1 g of total RNA with Transcriptor reverse transcriptase, random hexamers, dNTPs (Roche Diagnostics), and 10 units of RNaseOUT (Invitrogen) following the manufacturer's protocol in a total volume of 10 l. All forward and reverse primers were individually resuspended to 20 -100 M stock solutions in Tris-EDTA buffer (Integrated DNA Technologies, Inc.) and diluted as a primer pair to 1 M in RNase DNase-free water (Integrated DNA Technologies, Inc.). Real-time qPCRs were performed in 10 l in 96-well plates on a CFX-96 thermocycler (Bio-Rad) with 5 l of 2ϫ iTaq Universal SYBR Green Supermix (Bio-Rad), 10 ng (3 l) of cDNA, and 200 nM (final concentration; 2 l) primer pair solutions. The following cycling conditions were used: 3 min at 95°C and 50 cycles of 15 s at 95°C, 30 s at 60°C, and 30 s at 72°C. Relative expression levels were calculated using the qBASE framework (59) and the housekeeping genes YWHAZ, GAPDH, and SDHA for human cDNA. Primer design and validation were evaluated as described elsewhere (58) . In every qPCR run, a no-template control was performed for each primer pair, and these were consistently negative. All primer sequences are available in supplemental Table S1 .
Differentiation of human induced pluripotent stem cells into cortical neurons
The differentiation protocol was based on a previous study (60) . However, the Noggin agonist LDN193189 was used to reduce the recombinant Noggin concentration. The hiPSCs were dissociated using Accutase (Innovative Cell Technology, San Diego, CA) and plated on growth factor-reduced Matrigel (Corning) in PeproGrow human ES cell medium (PeproTech) supplemented with 10 M ROCK (Rho-associated, coiled-coilcontaining protein kinase) inhibitor (Y-27632; 10 M; Cayman Chemical). When 70% cell confluence was reached, the medium was changed to defined default medium (61) supplemented with B27 (1ϫ final), 10 ng/ml Noggin (PeproTech,) and 0.5 M LDN193189 (Sigma). The medium was changed every day. After 16 days of differentiation, the medium was changed to defined default medium/B27 and replenished every day. At day 24, neural progenitors were manually detached from the plate and plated on growth factor-reduced Matrigel-coated plates or chamber slides (LabTek). Five days after dissociation, half of the medium was exchanged for Neurobasal A medium supplemented with B27 (1ϫ final) and changed again every 3 days.
Analysis of public RNA-seq data sets
RNA sequences were obtained from a previously published study on human brain development (28) . Briefly, sequences from deep-frozen post-mortem brain tissues from 39 individuals without neurological or psychiatric illnesses were retrieved from the European Nucleotide Archive (http://www.ebi.ac.uk/ ena). 4 All samples are from DLPC gray matter (Brodmann area 9/46) spanning from fetal life to the eighth decade of life. Fetal tissue was taken from the prefrontal region over the dorsal convexity of the frontal lobe just anterior to the temporal pole. Run accession numbers used are listed in supplemental Table S2 . The obtained paired-end reads from RNA-seq data sets were aligned to the human reference genome GRCh37/hg19 using HISAT2 (version 2.03) (62) . The number of reads mapping to each gene was calculated with featureCount version 1.4.6.p5 (63) using the annotated transcriptome from Ensembl (http:// www.ensembl.org/Homo_sapiens/Info/Index). Normalization of gene expression was obtained by calculating fragments per kilobase of exon per million fragments mapped for each RNAseq sample (supplemental Table S2 ).
Mass spectrometry analysis
GST fusion proteins were expressed in E. coli BL21 and purified on glutathione-Sepharose 4B beads according to the manufacturer's instructions. Bound proteins were incubated for 2 h at 37°C in a volume of 100 l of 100 mM Tris-HCl (pH 8.5) containing or not 100 nM recombinant soluble WT matriptase. The supernatant was then collected, lyophilized, and suspended in 25 l of 10 mM HEPES/KOH (pH 7.5). Proteins were reduced with 3.24 mM DTT and alkylated with 13.5 mM iodoacetamide. The urea concentration was lowered to 1 M with the addition of 50 mM ammonium bicarbonate (NH 4 HCO 3 ) and 1 mM CaCl 2 and digested with chymotrypsin (Thermo Scientific, catalogue number 90056). Digested samples were desalted with C 18 tip (Thermo Scientific, catalogue number 87764), lyophilized, and resuspended in 1% formic acid prior to mass spectrometry analysis. Chymotrypsin-digested peptides were separated using a Dionex UltiMate 3000 nano-HPLC system. Ten microliters of sample (a total of 2 g) in 1% (v/v) formic acid was loaded with a constant flow of 4 l/min onto an Acclaim PepMap100 C 18 column (0.3-mm inner diameter ϫ 5 mm; Dionex Corp., Sunnyvale, CA). After trap enrichment, peptides were eluted off onto a PepMap C 18 nanocolumn (75 m ϫ 50 cm; Dionex Corp.) with a linear gradient of 5-35% solvent B (90% acetonitrile with 0.1% formic acid) over 240 min with a constant flow of 200 nl/min. The HPLC system was coupled to an Orbitrap QExactive mass spectrometer (Thermo Fisher Scientific Inc.) via an EasySpray source. The spray voltage was set to 2.0 kV, and the temperature of the column was set to 40°C. Full-scan MS survey spectra (m/z 350 -1600) in profile mode were acquired in the Orbitrap with a resolution of 70,000 after accumulation of 1,000,000 ions. The 10 most intense peptide ions from the preview scan in the Orbitrap were fragmented by collision-induced dissociation (normalized collision energy of 35% and resolution of 17,500) after the accumulation of 50,000 ions. Maximal filling times were 250 ms for the full scans and 60 ms for the MS/MS scans. Precursor ion charge state screening was enabled, and all unassigned charge states as well as singly, septuply, and octuply charged species were rejected. The dynamic exclusion list was restricted to a maximum of 500 entries with a maximum retention period of 40 s and a relative mass window of 10 ppm. The lock mass option was enabled for survey scans to improve mass accuracy. Data were acquired using Xcalibur software. Data were processed, searched, and quantified using the MaxQuant software package version 1.5.2.8 using the human UniProt database (July 16, 2013; 88,354 entries).
Quantification and bioinformatics analysis
The settings used for the MaxQuant analysis were as follows: five miscleavages were allowed; trypsin (Lys/Arg not before Pro) and chymotrypsin (Leu/Phe/Trp/Tyr not before Pro) were used; variable modifications included in the analysis were methionine oxidation and protein N-terminal acetylation. A mass tolerance of 7 ppm was used for precursor ions, and a tolerance of 20 ppm was used for fragment ions. To achieve reliable identifications, all proteins were accepted based on the criterion that the number of forward hits in the database was at least 95-fold higher than the number of reverse database hits, thus resulting in a false discovery rate of less than 5%.
Statistical analysis
Experiments were performed at least in triplicate, and results are expressed as means Ϯ S.D. The statistical significance of differences between samples was assessed using an unpaired two-tailed student t test, Kruskal-Wallis test, or a two-tailed Spearman non-parametric correlation. A p value Ͻ0.05 was considered significant.
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